ABSTRACT: In digital neutron radiography system, a thermal neutron imaging detector based on neutron-sensitive scintillating screens with CMOS(complementary metal oxide semiconductor) flat panel imager is introduced for non-destructive testing (NDT) application. Recently, large area CMOS APS (active-pixel sensor) in conjunction with scintillation films has been widely used in many digital X-ray imaging applications. Instead of typical imaging detectors such as image plates, cooled-CCD cameras and amorphous silicon flat panel detectors in combination with scintillation screens, we tried to apply a scintillator-based CMOS APS to neutron imaging detection systems for high resolution neutron radiography. In this work, two major Gd 2 O 2 S:Tb and 6 LiF/ZnS:Ag scintillation screens with various thickness were fabricated by a screen printing method. These neutron converter screens consist of a dispersion of Gd 2 O 2 S:Tb and 6 LiF/ZnS:Ag scintillating particles in acrylic binder. These scintillating screens coupled-CMOS flat panel imager with 25x50mm 2 active area and 48µm pixel pitch was used for neutron radiography. Thermal neutron flux with 6x10 6 n/cm 2 /s was utilized at the NRF facility of HANARO in KAERI. The neutron imaging characterization of the used detector was investigated in terms of relative light output, linearity and spatial resolution in detail. The experimental results of scintillating screen-based CMOS flat panel detectors demonstrate possibility of high sensitive and high spatial resolution imaging in neutron radiography system.
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Introduction
In digital radiography system using X-rays, gamma-rays and neutrons, neutron radiography as a complementary method to X-rays is becoming a valuable tool for non-destructive testing (NDT) such as turbine blades, radioactive assemblies and a polymer electrolyte fuel cell. Because thermal neutrons are able to penetrate thick, high density materials and are absorbed at materials with a ligh element such as boron, lithium and hydrogen, neutron radiography has been used as a complentary method to tranditional X-ray radiography. Specially, neutron radiography plays key role in various applications such as archaeology, water distribution at PEM(polymer electrolyte membrane) fuel cells and analysis of fuel elements from nuclear power plants [1] . Recently, large area CMOS APS (active-pixel sensor) has been widely used in many digital X-ray imaging applications due to the advantage of highly developed manufacturing process of the semiconductor, low manufacturing cost, the possibility to integrate on-chip electronics for each pixel and compactness. On behalf of existing methods such as film, imaging plates, CCD cameras and amorphous silicon flat panel detectors in conjunction with scintillation screens in neutron radiography system, crystalline silicon based-CMOS flat panel imager with neutron-sensitive scintillation screens was employed for thermal neutron imaging with high sensitivity and high spatial resolution in this study [2, 3] .
In this work, two Gd 2 O 2 S:Tb(Gadox) and 6 LiF/ZnS:Ag scintillation screens as conversion materials from neutrons into visible light photons were used because of their high scintillation efficiency and good spectral matching between emission wavelength and silicon-based photo sensor. A variety of Gd 2 O 2 S:Tb and 6 LiF/ZnS:Ag scintillating screens with different thickness were fabricated and directly coupled to commercial CMOS flat panel imager with 25x50mm 2 FOV(fieldof-view) and 48µm pixel pitch. Their neutron imaging characterization with 6x10 6 n/cm 2 s thermal neutron flux was measured at the NRF facility of HANARO in KAERI (Korea atomic energy research institute) for neutron radiography. Their imaging performance such as light output, linearity and spatial resolution of CMOS flat panel imager in conjunction with different scintillation screens was investigated and compared.
It is necessary to convert the neutron by a capture reaction into secondary radiation, which generates the light photons for silicon-based neutron image sensors. Typical powdered-6 LiF/ZnS:Ag and Gadox(gadoliniumoxisulfite) materials on glass substrate as neutron scintillation screens was fabricated and used through particle in binder(PID) and screen printing(SP) methods. In 6 LiF/ZnS:Ag scintillation screen, neutron capture reaction is occurred in 6 Li element and the emitted α-particles are absorbed in the ZnS:Ag layer(Kasei Optonix, Ltd.). The visible lights with 450nm peak wavelength are generated due to doped-silver in ZnS layer. In case of terbium-doped Gd 2 O 2 S(Kasei Optonix, Ltd.) scintillation material, Gadolinium is a neutron absorber with high interaction crosssection and the visible lights with 550nm peak wavelength due to doped-terbium are also emitted [4] .
Different scintillating screens with uniform 50-110µm thickness on 2.5x 5cm 2 glass substrate were deposited and flatted through a screen printing. Detail manufacturing process and condition are described in ref. 5 . The fabricated scintillating screens were directly coupled on a commercially available CMOS photodiode pixel arrays which detect emitted visible lights from scintillation screens. This CMOS flat panel detector is consisted of a fiber-optic plate (FOP) on photodiode array surface with 512x1024 pixels and 48µm pixel pitch (10 lp/mm resolution) as well as a pixel fill factor of more than 80%. The detail specification of the used CMOS device was described in reference 6. The device features a saturation signal capacity of nearly 3 million electrons and dark noise of less than 200 electrons. The resulting dynamic range exceeds 83 dB(14,000:1). The average dark current is over 4000 electrons per second, which corresponds to about 30pA/cm 2 at room temperature [6] . The RadEye1 T M CMOS APS imager (RadEye1, Rad-icon Imaging Corp., USA) having 25x50mm 2 sensitive area is connected to a Shad-o-Snap camera module(a digital frame grabber). Voltage signals from the CMOS photodiode array are digitized to 12 bit resolution through an analog-to digital converters (ADCs). The acquired 12-bit image data are transferred and saved through a USB cable to the corresponding ShadowCam software programs. Various several µm-thick 6 LiF/ZnS:Ag and Gadox scintillating screens were placed in direct contact with the FOP surface of CMOS photodiode arrays as shown in figure 1 . The thermal neutron flux at 2 nd exposure room and L/D collimation ratio of the NRF are 6x10 6 n/cm 2 s and 270 respectively. Imaging performance of fabricated scintillating screen-coupled CMOS optical sensors was implemented in front entrance of the thermal neutron flux exposure. The electronic readout part of CMOS flat panel detector was covered by the boron material sheets for protection from direct neutron flux damage [5] [6] [7] .
Results and discussion
The light intensity of fabricated scintillating screens was acquired by measuring the average pixel value over region of interest (ROI) of neutron images. The neutrons to visible light response of fabricated scintillating screen-coupled CMOS imagers was also measured by direct thermal neutron beam flux with 6x10 6 n/cm 2 s and their neutron images were acquired as a function of integration time from 1 to 30 sec. Thicker Gadox scintillating screen shows higher light intensity than sample with thin thickness because of higher neutron absorption and more emitting light photons in thicker -2 -2011 JINST 6 C01064 The sensitivity (grey levels/flux) of neutron detectors can be calculated by the well-established formula (E. . As a result, the sensitivity of Gadox scintillators with 50µm and 110µm thickness was 0.59 and 1.01 GL/pixel/neutron respectively. And also the sensitivity of LiF/ZnS:Ag scintillator with 70µm thickness was 0.90 GL/pixel/neutron [8] .
The spatial resolution of these imaging detectors was measured using a resolution test pattern phantom and a 250µm-thick gadolinium (Gd) edge sheet respectively. The used test device (the Siemens star) consists of metallic Gd layer with annual structure patterns of 5µm thickness on a single silicon wafer for convenient spatial resolution visualization of acquired neutron images [9] . The neutron images of the Siemens star with a 20mm diameter was acquired by using 50 and 110µm-thick Gadox scintillating screen-coupled CMOS flat panel detectors respectively and the measured results are showed in figure 3 . The neutron image of thin Gadox scintillation screen shows much sharper and better spatial resolution. The neutron phantom images of Gadox scintillating screens with 50 and 110µm thickness would resolve the about 100µm and 140µm spatial resolution respectively. And the spatial resolution in terms of MTF (modulation transfer function) of samples was measured by the tilted edge technique. The MTF curves were measured by the Fourier transform of acquired LSF (line spread function) curves through ESF (edge spread function) data [10, 11] . The MTF value of Gadox screen with thin 50µm thickness shows higher than that of sample with thick 110µm thickness due to less light spreading in the scintillating screen layer in figure 4 . The MTF measurement of Gadox samples with 50 and 110µm thickness resulted in about 4.6lp/mm and 4.1lp/mm spatial frequency at 20% MTF value as shown in figure 4 . The better spatial resolution can be achieved through a thin scintillation screen layer if neutron imaging with high spatial resolution is required for specific application. For real object investigation, thermal neutron imaging of a wristwatch was acquired by using a 50µm-thick Gadox screen in conjunction with a CMOS image sensor with 48µm pixel pitch. The transmission neutron image with inner structure of a wristwatch is shown in figure 5 .
Conclusions and future
In this work, digital imaging detectors with various several µm-thick 6 LiF/ZnS:Ag and Gadox scintillation screens and commercial available CMOS image sensor were used for thermal neutron radiography. Their imaging performance of these developed detectors in terms of light intensity and linearity and spatial resolution was investigated under thermal neutron beam flux with 6x10 6 n/cm 2 s. The measured results showed good linearity and high spatial resolution as well as short neutron exposure time. And neutron radiographic image with high spatial resolution was acquired by 50µm-thick Gadox scintillating screen and CMOS flat panel detector with 48µm pixel pitch. Until now, field of view (FOV) of commercial CMOS image arrays is limited because of the available silicon wafer size. However, current CMOS technology is applying to larger wafer sizes continuously. Larger 12 inch silicon wafers as well as commercially available 6 and 8 inch wafers are continuously introduced and developed for digital radiography application. The CMOS device is three-side buttable module to be tiled together to achieve larger fields of view. This tiling technology of the detector allows to larger module size such as a 1x2 (5cm x 5cm active area) mosaics and 2x4 (10cm x10cm active area) mosaic. Therefore, the large area CMOS flat panel detectors in conjunction with different 6 LiF/ZnS:Ag and Gadox scintillation screens will be used for neutron radiography and tomography application due to high spatial resolution and reasonable time resolution in the near future.
